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Introduction
In the aftermath of the Cold War, the United States has identified an excess of up to 50 metric tons (MT) of weapons-useable plutonium. The Department of Energy (DOE) was to construct both a Mixed Oxide Fuel Fabrication Facility (MFFF) and a Plutonium Immobilization Program (PIP) facility to disposition this material. In April 2002, DOE decided not to construct the PIP facility and to solely proceed with the construction of the MFFF facility with a focus only on the disposition of weapons-grade plutonium to meet the non-proliferation agreement between Russia and the United States. This action resulted in up to 13 metric tons of DOE-Office of Environmental Management (DOE-EM) owned, weapons usable, plutonium-bearing materials having no clear disposition path.
A vitrification technology utilizing a lanthanide borosilicate (LaBS) glass appears to be a viable option to disposition excess weapons-useable plutonium that is not suitable for processing into mixed oxide (MOX) fuel. A significant effort to develop a glass formulation and vitrification process to immobilize plutonium was completed in the mid-1990s to support the PIP. The LaBS glass formulation was found to be capable of immobilizing in excess of 10 wt% Pu and to be very tolerant of the impurities accompanying the plutonium material streams. 1, 2 Thus, this waste form could be suitable for the disposition of plutonium owned by the DOE-EM that may not be well characterized and that may contain high levels of impurities. However, the relative tolerance of the glass composition to the various feed impurities needs to be studied.
The can-in-canister technology demonstrated in the PIP 3, 4 could be utilized to dispose of the vitrified plutonium in the federal radioactive waste repository. The can-in-canister technology involves placing small cans of the vitrified Pu form into a high level waste (HLW) glass canister fitted with a rack to hold the cans and then filling the canister with HLW glass to provide proliferation resistance. The completed assembly containing the plutonium glass and the HLW glass would be referred to as the Vitrified Plutonium Waste Form (VPWF).
This study focuses on the development of a composition envelope that describes the solubility of various impurities in the LaBS glass. To define this envelope, a series of glass compositions was selected, fabricated and characterized. The selection of glass compositions, which is the focus of this report, is based on the projected types and concentrations of impurities expected in the Pu feed stream. A limited amount of impurity data for the various Pu sources is available and projections can be made through analysis of the available information. These projections were used to define the test glass compositions.
The results of this glass selection process provide an array of glass compositions to be fabricated and characterized in the laboratory in order to evaluate the solubility of various impurity elements and their effects on crystallization. The majority of the glasses will be formulated with Hf as a surrogate for Pu on a mass basis to simplify laboratory experiments. Pu glass testing will be implemented for select compositions for comparison with the results of the surrogate testing. This work was initiated by an Nuclear Materials Management (NMM) Technical Task Request   5 and is performed under a Savannah River National Laboratory (SRNL) Task Technical and Quality Assurance Plan. 
Development of the Impurity Test Matrix
A detailed analysis of the anticipated Pu feeds to be immobilized in waste glass has been provided by Moore and Allender. 7 The projected impurity types and concentrations described in their report were used as the basis for defining the compositions of the glasses to be fabricated for this study.
The report projected the concentrations of more than 70 possible elements as impurities in the Pu feed. This list was reduced to seventeen elements based on several criteria. First, all of the elements with a best estimate maximum concentration of 18,000 µg/g and above were included. Silicon was removed from this group since it is a glass former (i.e., solubility of Si in the glass should not be an issue). Next, sulfur, carbon and lead were included since these elements are known to typically have low solubility in the LaBS glass. Finally, selenium and cesium were included again due to low solubility being expected for these elements in LaBS glass. Table 2 -1 lists the impurities that were chosen using these criteria. For each of the elements in this table, an interval of possible concentrations is given. This interval represents the possible concentration of the indicated element as an impurity in the feed. The lower limits were defined by rounding the best estimate concentration for 50% of the projected feeds to either zero or, in the case of chlorine, to 5,000 µg/g. The upper limits were defined by the greater of either the best estimate maximum concentration or the best estimate concentration for 98% of the projected feeds. These values were rounded to the nearest thousand µg/g. The concentration values were then converted to mass fractions of the Pu feed, as listed in The chemical form of each of these impurity elements in the feed was not necessarily known, but there were some restrictions that were imposed on the approach used in developing the test matrix for this study. The first restriction imposed was a constraint on the overall mass of impurities in the feed. Moore and Allender provide total impurity concentration data for 2200 containers of the anticipated Pu feed based on Prompt Gamma Analysis and chemical estimates from laboratory samples. 7 Using these data, the total mass of the impurities was set to 35% of the overall Pu feed stream. This value was chosen to represent a worst case impurity concentration based on the data provided by Moore and Allender. Thus, on a mass basis, a design point for the study had to satisfy the constraint that the sum of the mass fractions of all of the impurities of that design point had to add to 0.35.
An additional restriction on the composition of the impurities making up a design point was required to address the issue of charge balance for that design point. If each of the impurities of Table 2-1 were converted to an oxide as a result of the vitrification process and if the feed were batched in these oxides to introduce the appropriate concentrations of all of the elements of Table 2 -1, then there would be no need for a charge balance restriction. However, for Cl, F, and S this is not the case, and the batching of the impurities that involve one or more of these elements imposed a constraint of the amounts of other impurities of Table 2-1 that had to be present to provide a charge balance for the impurity concentration.
While the composition of each impurity design point was pursued in mass fractions, the charge balance restrictions applicable for impurity species involving Cl, F, and S were best expressed in mole fractions as given by the inequalities in Equations 1- 
where the elements indicated in these equations are at concentrations expressed as mass fractions. Each of these equations was expressed as an inequality because any cation needed at concentrations greater than those supported by their Cl, F, and S species could be batched in the feed as an oxide. The cations that appear in each of the inequalities are those whose compounds for the active anion are considered to be amenable to the batching process (i.e., chemicals that could be safely handled in the laboratory).
The constitution of a feasible design point for this impurity study can now be defined as a combination of the impurities of . The problem of finding these feasible combinations may be considered as a mixture problem. 8 Statistical software such as JMP Version 6.0.2 is available to assist in working with such problems. 9 One of the tools provided by JMP is its Custom Design routine within its Design of Experiments platform. 10 This routine allows the user to specify a mixture problem in a framework such as that described above: a list of mixture components, their intervals of possible values, the value that the total of their concentrations must equal, and one or more linear constraints that the concentration values must satisfy. With the problem defined in such a manner, the user is then allowed to provide JMP with a model of interest, e.g., a model involving linear effects for each of the mixture component such as the one given by Equation 5 , which serves as the basis for optimizing the experimental design. 
, the solubility outcome for the experiment (all of the impurities were found to be soluble in the glass versus one or more of the impurities were found not to be soluble in the glass) may be considered as the response variable, y, and an optimal design may be generated using the routines of JMP to support the fitting of this model (i.e., estimating the a i 's, i=1, 2., … 17, of Equation 5) . While fitting such a model is not of interest in this study, following this approach does provide a sound basis for selecting combinations of impurities for study.
There are several options available to the user in performing this optimization. One of the options is that the user can specify the target sum for the mixture. In this case, the sum of the impurities was specified in JMP as 0.35 on a mass fraction basis. JMP also provides the user with a choice of optimality criteria; for this situation the D-optimality criterion (a detailed description of the available criteria is available elsewhere 10 ) was selected to serve as the basis for optimizing the test matrix. Ten different starting conditions were also selected to drive the optimization process. Finally, the minimum number of points (i.e., 17 -one for each of the a i terms in Equation 5) was specified as the desired number for the test matrix. Using this framework, the test matrix in Table 2 -2 was generated by JMP.
6 Table 2 A review of the compositions of Table 2 -2 indicated one other problem that had to be addressed. There was a need to ensure that no impurity with a positive concentration in a design point had a concentration less than 0.005 on a mass fraction basis. This was due to the fact that batching quantities less than 0.005 was deemed to be impractical. This led to the modification of some of the values in Table 2 -2 to overcome this problem. The resulting compositions are provided in Table 2-3. WSRC-STI-2007-00386 Revision 0 8 To provide a more thorough coverage of the impurity space outlined by Table 2 -1, additional design points were generated to complement the first set of 17. The first addition to the design was made by following the same general approach as outlined above but with only the first 12 of the impurities in Table 2 -1 active (i.e., S, C, Pb, Se, and Cs were set to zero) and with the intervals for the 12 active elements modified to the values of Table 2 -4. This modification moved the concentrations of the elements active in the impurity within their original limits; thus, there was coverage of a more inner region of the impurity space. In this case, only 12 test points were optimally selected (this was due to a reduction in the number of terms in the model of Equation 5 -no terms were needed for S, C, Pb, Se, and Cs). The selected points are provided in Table 2-5 . Table 2 -6 shows 12 additional design points with S, C, Pb, Se, and Cs each set to 0.005 on a mass fraction basis. The concentrations for the other 12 components for each of these test point were restricted to total of 0.35 -(5×0.005) = 0.325 on a mass fraction basis and were optimally selected using JMP. One additional inner layer of design points was generated using the intervals of Table 2 -7. For this case S, C, Pb, Se, and Cs were set to 0.005 on a mass fraction basis (based on the minimum practical batch quantity) and 12 additional points were optimally generated for the other elements following the approach outlined above and using JMP. The results are presented in Table 2 -8. Two additional points were generated for the test matrix by computing the centroids of the design points that had been generated so far. These were generated by grouping all of the previous design points by their levels of S, C, Pb, Se, and Cs. Specifically, the average of the design points with S, C, Pb, Se, and Cs all at zero was determined and the average of the design points with S, C, Pb, Se, and Cs all at 0.005 on a mass fraction. These two additional points are provided in Table 2 -9.
Finally, 5 additional test points were selected to provide some coverage of the impurity space at a much lower total concentration. The targeted value for all of the impurities in the feed was selected to be 0.04 on a mass fraction basis. This value was chosen, again using the data provided by Moore and Allender as a basis, 7 to represent the concentration of impurities in the majority of the Pu feeds. The test points were not optimality selected; they were selected subjectively, but with the charge balance constraints imposed. These additional test points are provided in Table 2 -10. Thus, the impurity compositions of Tables 2-3 , 2-5, 2-6, 2-8, 2-9, and 2-10 provide the 60 test conditions that will make up this impurity solubility study. Table A1 in the Appendix provides the linear correlations of these design points. While there were some substantial correlations among certain pairs of the impurities (e.g., S and Cs at 0.767 and Pb and Se at 0.7497), these are considered to be artifacts of the restrictions placed on the impurity space that were described above and should not adversely impact the outcome of the study.
Exhibit A1 in the Appendix provides a scatter plot matrix of the test points showing the coverage (two elements at a time) of the impurity space by the test matrix determined for this study. Exhibit A2 in the Appendix provides a closer look at the coverage for each of the elements considered.
Surrogate Glass Compositions
The 60 sets of impurity concentrations described in the previous section were combined with HfO 2 as a surrogate for PuO 2 to form the feed material. The feed was then combined with LaBS Frit X 11 at a mass ratio of 14% feed to 86% frit. A 14% feed value represents a nominal upper bound for "waste loading" projected for Pu vitrification operations. 12 The composition of LaBS Frit X is given in Table 3-1. The 60 glass compositions, given as oxides (except for the anions Cl -and F -), which result from combining the surrogate Pu/impurity feeds with Frit X are listed in Table 3 -2. 
Selection of Impurities for Pu Glasses
A quantity of approximately 14 g of PuO 2 is available for this study, which will allow for fabrication of four glasses. The impurity concentrations to be used for these four glasses were chosen from the same matrix used for the surrogate glasses, as follows:
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Pu Glass Compositions
A letter 'B' was appended to the glass identifiers to distinguish the glasses made with PuO 2 from the surrogates (i.e., Pu35-03B, Pu35-06B, Pu35-17B and Pu04-04B). The compositions of these glasses are quite similar to their surrogate counterparts (in terms of wt% oxides) except that the HfO 2 used as a surrogate has been replaced by PuO 2 . The compositions of the four Pu glasses are given in Table 5 -1. 
Summary
Lanthanide borosilicate glass has been developed to support the Plutonium Immobilization Program. The glass is capable of immobilizing a high concentration of plutonium, however the relative tolerance of the glass composition to various impurities anticipated in the plutonium feed stream needs to be better characterized.
This report defined a compositional envelope for various impurities in the LaBS glass. A series of glasses will be fabricated and tested in the lab to evaluate the solubility of individual impurities as well as cumulative effects. The projected impurity types and concentrations in the plutonium feed streams anticipated for the Plutonium Immobilization Program were used to define a matrix of 60 test glass compositions. These glasses will use HfO 2 as a surrogate for PuO 2 to simplify laboratory work. Four additional glasses will contain actual PuO 2 to augment the results of the surrogate testing. The glasses will be fabricated in the laboratory and evaluated through durability and crystallization testing. The results of this variability testing will be discussed in a separate report that will provide data to validate the acceptability of the compositional envelope defined here and/or provide additional compositional constraints for the plutonium feed materials. 
